Building behaviour in animals extends biological functions beyond bodies. Many studies have emphasized the role of behavioural programmes, physiology and extrinsic factors for the structure and function of buildings. Structure attachments associated with animal constructions offer yet unrealized research opportunities. Spiders build a variety of one-to three-dimensional structures from silk fibres. The evolution of economic web shapes as a key for ecological success in spiders has been related to the emergence of high performance silks and thread coating glues. However, the role of thread anchorages has been widely neglected in those models. Here, we show that orb-web (Araneidae) and hunting spiders (Sparassidae) use different silk application patterns that determine the structure and robustness of the joint in silk thread anchorages. Silk anchorages of orb-web spiders show a greater robustness against different loading situations, whereas the silk anchorages of hunting spiders have their highest pull-off resistance when loaded parallel to the substrate along the direction of dragline spinning. This suggests that the behavioural 'printing' of silk into attachment discs along with spinneret morphology was a prerequisite for the evolution of extended silk use in a three-dimensional space. This highlights the ecological role of attachments in the evolution of animal architectures.
Background
Many animals use processed plant matter or debris, or specialized secretions to build shelters, predatory traps, nests, defensive structures or courtship displays [1] . One prominent example of building behaviour is silk utilization by spiders. Silk is used to construct safety lines, predatory traps, shelters and egg cases [2, 3] . Spiders have evolved multiple silk glands that produce fibres and glues with different mechanical properties for specific needs [2, [4] [5] [6] [7] . It has frequently been proposed that the high performance of dragline silk and thread coating glues has facilitated the evolution of economic aerial traps that are effective at intercepting flying insects [8] [9] [10] [11] . The individual silk fibres in spider webs are attached either to each other or to the substrate. Presumably, the strength of the attachment is concomitant with the strength of the attached fibre. In modern spiders (Araneomorphae), such attachments are built with a specialized type of silk, the product of the piriform glands [4, [12] [13] [14] . These extrude short, glue coated nano-fibres that are spun into a plaque (attachment disc), in which the structural thread, the dragline, is embedded [13] [14] [15] [16] [17] . In orb-web spiders, the dragline is enclosed in an envelope of piriform silk, which is flexibly combined with the plaque via a network of piriform fibres, called the bridge [13] [14] [15] [16] [17] . Coddington [18] interpreted attachment discs as a key innovation that facilitated the evolution of efficient webs. Nonetheless, studies on the structure and function of such thread attachments are extremely sparse, and their role in the evolution of silks and webs is unknown.
Recently, we found that silk anchorages of the orb-web spider Nephila plumipes (Latreille, 1804) are extremely robust against pulling at different angles [17] . This is a result of a central location of the load bearing dragline in the plaque, which is the result of the specific spinning programmes and spinneret morphology. It remained unclear if these characters are the result of an evolutionary optimization process that led to emergence of tougher silks and more efficient traps. Here, we investigate the silk anchor structure, mechanical properties and spinning behaviour of the hunting spider Isopeda villosa L. Koch, 1875 (Sparassidae) and compare these with those of the orb-web spider N. plumipes (figure 1).
Nephila plumipes build large orb webs that are suspended between tree stems and branches, often with additional threedimensional dragline barriers against predators [19] . These spiders frequently perform silk-based locomotion between structures (abseiling and bridging). In such situations, thread anchorages are loaded at various angles. Isopeda villosa lives on the stems of gum trees, and hunts its prey without webs, facilitated by hairy adhesive foot pads on legs and feet [20, 21] . These spiders use short draglines to secure themselves when resting vertically on the tree trunk, but usually not during locomotion. Other silken constructs, such as silken shelters for clutch guarding, are always substratebound (J.O.W. 2016, personal observation). In these cases, the anchorages are loaded under a rather low angle.
We tested the hypothesis that silk anchorages in both species are adapted to their primary use in either a threedimensional or two-dimensional space by pull-off tests at different angles. Silk anchorages were pulled off at 08 (i.e. parallel to the substrate, towards spinning direction), 908 (i.e. perpendicular to the substrate), 1808 (i.e. parallel to the substrate, against spinning direction) and sideways (i.e. parallel to the substrate, perpendicular to the spinning direction). We further studied if the fundamental differences in ecology between these two species are reflected by a difference in attachment disc structure (i.e. morphometric parameters that were identified as relevant in a previous study [17] ) and spinning patterns during plaque production.
We predicted that (i) relative pull-off forces at angles other than 08 are greater in N. plumipes than in I. villosa, (ii) there is a difference in the dragline joint between both species, reflected by a difference in the location of the dragline insertion point within the plaque, the length of the connection piece and the minimal distance between the spinnerets during plaque spinning, and (iii) N. plumipes spin their attachment discs quicker than I. villosa, because of their frequent use during locomotion.
Material and methods (a) Silk sampling and morphometry
Huntsman spiders (I. villosa) were collected from the campus of Macquarie University, Sydney (Australia) by peeling bark from gumtrees, under which they hide during the day. Spiders were kept in plastic jars, using standard methods (see [17] for spider husbandry).
Silk samples were collected on a stiff polypropylene film. A non-polar polymer was chosen as a substrate to ensure complete plaque detachment [15] and to reduce the effect of differences in dragline strength (because adhesion is much weaker than dragline strength on such substrates). Samples were collected both by depositing the film in the spider's containers, and directly from climbing spiders (see [15, 17] for details). Draglines were carefully cut at 2 cm above the attachment disc to prevent pre-stressing of the anchorage. For measurements, single silk anchorages were isolated by carefully cutting the film into pieces. The pieces were then attached to a glass slide with double-sided tape. In total, 74 attachment discs were harvested from four adult females and one male of I. villosa.
Prior to testing, each attachment disc was photographed with a Canon EOS 600D DSLR (Canon Inc., Tokyo, Japan) mounted onto a dissecting microscope (Motic Inc., Ltd, Hong Kong), using 4 -10Â magnification. Morphometric measurements were performed with ImageJ 1.5 [22] . As a reference parameter, we determined the approximated diameter (anterior lateral spinneret (ALS) diameter) and area (ALS area) of the piriform spigot field on the anterior lateral spinneret apex, which is involved in plaque production, from single frames of highspeed video sequences (in I. villosa the whole apex; in N. plumipes the anterior part of the spinneret apex, see Results). Morphometric parameters of attachment discs were (i) relative plaque area ( projected plaque area/ALS area), (ii) relative length of the connection piece (connection length/maximal plaque length) and (iii) loading point shift (distance between the dragline insertion point and the front edge of the attachment disc) (see for [17] details on these parameters). Morphometric data for attachment discs of N. plumipes were taken from [17] .
For a statistical comparison of morphometric parameters between species, we separately constructed a linear mixed model for each parameter including spider 'individual' as a random effect, using the lmer function in the lme4 package [23] in R v. 3.3 [24] . We compared these models with according null-models lacking the factor 'species', by a likelihood ratio test, applying a significance level of 0.05. Residuals were checked for homoscedasticity and normality via visual inspection of histograms and scatter plots. Thereby, we did not detect larger deviations from the model assumptions.
(b) Pull-off tests of silk anchorages
Peak detachment forces of attachment disc samples were measured with a ULC-0.5N load cell (Interface, Inc., Scottsdale, AZ, USA) on an Instron 5542 tensile tester (Instron, Norwood, USA), using the set-up and parameters described in [17] . Data were statistically compared with those of N. plumipes (from [17] ) at each loading angle, using a similar approach to that described above for the morphometric parameters. We compared the peak pull-off forces, and, in a second analysis, the peak pull-off forces divided by the disc area, in order to account for differences in sizes of individual attachment discs. The relative effect of species and pull-off angle was tested by comparing generalized linear mixed models with both species and pull-off angle, only species, and only pull-off angle, as fixed factors, with the null-model.
(c) Spinneret movement tracking and analysis
We filmed the movement pattern of the spinnerets during attachment disc production from below a glass slide, using a Basler Ace 640 Â 480 pix USB 3.0 camera (Basler AG, Ahrensburg, Germany), equipped with a Navitar Precise Eye extension tube (Navitar, Inc., Rochester, NY, USA). The procedure was as described in [17] . Videos were recorded with 500 frames per second, using the TroublePix software (NorPix, Inc., Montreal, Quebec, Canada) with continuous looping and post event trigger. For N. plumipes, video material acquired in a previous study [17] was analysed. Videos were processed with ImageJ 1.5 [22] (rotation, cropping, enhancement of contrast, see [17] for details). The movements of both anterior lateral spinnerets were manually tracked using the MTrackJ plugin [25] , taking the centre of the piriform spigot field on the anterior lateral spinneret apex as a reference. Data points were exported into MS Excel (Microsoft, Redmond, WA, USA) and the x-and y-shift per time unit was calculated taking the final upstream dragline insertion point as the point zero. We measured the duration of plaque production (from the first touch of the substrate by the anterior lateral spinnerets to the eventual elevation of the anterior lateral spinnerets from the substrate) (spinning duration). Each of such spinning events consists of a set of stereotypic anterior lateral spinneret movements (movement units). We extracted the median single movement units (SMUs) of each sequence, with the start and the stop defined as the proximal turning point of the anterior lateral spinneret. For SMUs, we determined duration (SMU spinning duration), track length, and mean and peak velocity of the anterior lateral spinneret apex. To reduce the effect of deviating points due to tracking errors, we resampled all coordinate data of each movement unit to 50 landmarks in equal time intervals, and determined the distances between those. Total and SMU track lengths were further divided by the ALS diameter to obtain the relative total track length, and the relative SMU track length. As a parameter describing the geometry of the track shape of SMUs, we calculated the width-to-height ratio. As a parameter describing the track position relative to the median axis, we calculated the relative minimal x-position (i.e. the minimal x-coordinate divided by the ALS diameter). Parameters were statistically tested as described above for morphometric parameters of attachment discs (see § 2a.).
To determine if the SMU motion shapes differed between species, the resampled SMUs for all observations were aligned using generalized procrustes analysis (GPA) [26] Three analyses of similarity were then performed on the pairwise procrustes distance matrix using the anosim function in the vegan package [27] in R v. 3.3.1, using 1000 permutations. To detect differences between specimens of a single species, the distance data between specimens of each of the two species were tested for dissimilarity. The specimen 'Isopeda_MQC006' had to be excluded from this analysis, as it had only a single observation, and therefore within-specimen distances could not be calculated. Subsequently, the two species were tested for dissimilarity.
Results (a) Pull-off resistance
Attachment discs of both species had comparable pull-off resistance when pulled at 08 (figure 2). This accounts for both peak and normalized peak pull-off forces (table 1) . However, in all other loading situations both parameters tended to be smaller in I. villosa: At 908 and 1808 loading, on average, only half as much force as in N. plumipes was necessary to detach the anchorage despite a larger mean attachment disc size. Comparing 908 with 08 loading situations, forces were, on average, reduced by approximately 85% in I. villosa against 55% in N. plumipes. Although pulloff forces tended to be lower in I. villosa than in N. plumipes at lateral pulling, we did not find a significant difference.
Comparing the full model with species and pull-off angle as fixed effects and individual as random effect, with several null-models revealed that both species and pull-off angle significantly affected pull-off forces, though angle had a greater effect (electronic supplementary material, S6). This indicates that the effect of pulling direction on the pull-off forces was a general pattern, which is dissimilarly pronounced in both species. This was found for both absolute forces (species þ angle: x 
(b) Spinning pattern
Adult female I. villosa were two to three times heavier (approx. 1.0-1.5 g) than females of N. plumipes (approximately 0.5 g); however, differences in ALS area and attachment disc sizes were much smaller. In I. villosa, the anterior lateral spinneret apex was of a circular shape, with the major ampullate spigots located at the inner margin (figure 3d), as is found in many spiders [28, 29] . In N. plumipes, the anterior lateral spinneret apex was oval and the major ampullate spigots were shifted towards the posterior-median margin ( figure 3a) . We observed that different sections of the extended piriform spigot field differentially produced different parts of the attachment disc. The broad anterior section applied the plaque, while the slender posterior section did not touch the substrate, but formed the dragline connection and the bridge, when sliding along its counterpart during the first part of each movement unit. SMUs were of a sickle-like shape with a sharp turning point (figure 3b,c). This movement was performed by the anterior lateral spinneret alone, and the body only moved along the longitudinal axis to permit movement unit application along the y-gradient. Thereby the body first moved anteriorly laying down four to seven movement units, and then travelled posteriorly for two to three additional movement units ( figure 3g) .
By contrast, in I. villosa the whole piriform spigot field was used for both plaque and connection, and the anterior lateral spinneret apex was less tilted towards the median axis. Track shapes resembled loops, which were the result of combined lateral body movements and longitudinal spinneret movements. Tracks were overlapping in the median section (as indicated by a negative relative minimal x-position) (figure 3e,f ). Gradual longitudinal body movement simultaneously occurred, but, in contrast with N. plumipes, no eventual backwards movement was observed (figure 3h). In total, 7-11 movement units were performed. Movement parameters and statistical results are summarized in table 2.
The GPA aligned SMU's did not show dissimilarity in shape between specimens of the same species (N. plumipes: R ¼ 0.104, p ¼ 0.179; I. villosa: R ¼ 0.098, p ¼ 0.25). The analysis of similarity did show that the Procrustes distances between the two species were significantly greater than that within each species (R ¼ 0.452, p , 0.001). Procrustes distances within I. villosa (mean distance 0.238) were lower than those within N. plumipes (mean distance 0.145), indicating that N. plumipes may exhibit more variation in motion shape.
(c) Structural organization of attachment discs
In the resulting attachment discs, the relative connection length was significantly larger in I. villosa, while the relative plaque area did not differ from that of N. plumipes (table 3) . Although the dragline tended to insert more centrally in the attachment discs of N. plumipes than those of I. villosa, the observed variation of the loading point shift could not clearly be attributed to the species in the model (table 3) . The piriform fibre orientation in the plaque mirrored the spinning patterns. The width and bridge extension increased Table 1 . Pull-off resistance of attachment discs in different loading situations (mean+s.d.). Asterisks (*) indicate loading angles at which forces differ significantly between both species (see Material and methods for statistical measures). Data for N. plumipes from [17] . Raw data in electronic supplementary material, S3. figure 3a,b,d ,e). This is due to relatively smaller movement units at the beginning of spinning sequences in both species ( figure 3g,h ). In general, the bridge was less extended in I. villosa than in N. plumipes (compare figure 3a,d ).
Discussion
(a) Silk anchorages of N. plumipes are more tolerant towards loading at different angles
The differences in loading tolerance of silk anchorages in both studied species are in line with our hypothesis. The anchorages of the orb-web spider N. plumipes gained a higher pull-off resistance at steep angles. This can be explained by the differences in spatial use of silk threads in both species. Orb-web spiders move and construct in a three-dimensional space, and hence their thread anchorages must perform well at both flat and steep angles. In N. plumipes, the pull-off forces were smaller for vertical pulling than for pulling at a low angle, which might be due to structural constraints [17] . Nonetheless the force reduction was much smaller than in I. villosa, which could indicate an adaptation to the three-dimensional habitat. In contrast with orb-web spiders, huntsman spiders inhabit a rather two-dimensional space; thus thread loading at steep angles is relatively rare. Because huntsman spiders only use short threads, loading situations that differ highly from 08 angles are rare. This explains why the anchorages of I. villosa performed best at 08 in our experiments.
(b) Significance of spinning patterns and attachment disc structure
The differences in loading tolerance might be explained by the different structure of the dragline joint with the substrate, as indicated by differences in the length of the rigid dragline connection piece. Attachment discs of N. plumipes exhibited an extensive bridge and a shorter connection piece. Such a joint rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171124 structure may give an enhanced flexibility, which may prevent stress concentrations at strong bending and delay the event of fracture. The extensive bridge is the result of the specific spinneret shape and the back-and-forth spinning pattern observed in N. plumipes [17] . This spinning pattern further caused a shift of the dragline insertion point towards the plaque centre, which has previously been shown to be a critical parameter for the production of a high pull-off resistance at both horizontal and vertical loading in this species [17] . As differences in this parameter were not significant between the species studied here, the observed differences can thus be explained rather by the structure of the joint. In I. villosa, the dragline joint appeared rather rigid and was, at least in parts, directly fused with the plaque. Isopeda villosa performed lateral body movements along with longitudinal movements of the spinnerets, which resulted in loop-like tracks that overlap in the median part. This is a dominant difference in spinning patterns of both studied species, reflected by a great difference in the relative minimal x-position of movement units. These overlapping movements could be a way to reinforce the dragline connection, and achieve a high pull-off strength at horizontal loading. However, whether a stiff joint is a basal character or an adaptation towards the cursorial lifestyle of huntsman spiders remains to be elucidated by a broader comparative approach. As aerial webs are a derived state of silk use [30] , we hypothesize that compliant joints that are more tolerant towards loading at unfavourable angles are an apomorphic trait that correlates with the web construction in a three-dimensional space. We argue that structure attachments must be studied in greater detail, in order to fully understand the evolution of animal architectures.
(c) Nephila plumipes can build attachments quicker
We found that the orb-web spider N. plumipes built attachment discs of similar relative size to those of the hunting spider I. villosa in less time, although the average velocity of the spinnerets was not different. This is because the track length of SMUs was smaller, and fewer movement units were applied. This discrepancy can only be explained by the differences in spinneret morphology. The piriform spigot field was relatively larger in N. plumipes than in I. villosa, and the dragline connection was formed when the spinnerets move along each other. By contrast, in I. villosa the spinnerets alternately crossed the median line to reinforce the connection, which caused an overall longer track.
The speed of thread attachment is presumably of considerable importance in dynamic situations, such as locomotion and web building, because during the spinning of attachment discs, the spider is immobile and potentially vulnerable to predation. In web-building spiders, draglines are constantly spun and attached at regular intervals to provide security against falls [31] . In contrast with webbuilding spiders which use their webs for prey capture and defence, many hunting spiders have evolved rapid locomotion to evade predators and to pursue prey. Dragline anchorage would presumably be a high cost, and thus many hunting spiders rather rely on their adhesive foot Table 2 . Characteristics of spinning patterns during attachment disc plaque production, as obtained from high-speed video tracks of the anterior lateral spinnerets (mean + s.d.). Asterisks (*) indicate spinning parameters that differ significantly between the two species (see Material and methods for statistical measures). Raw data in electronic supplementary material, S4. pads that provide surefootedness on various surfaces [32, 33] . Thus, the selective pressure on spinning speed may be higher in web-building spiders, as reflected by the differences observed here.
Conclusion
We have shown, for the first time to our knowledge, that silk thread anchorages in spiders with different ecologies differ in their structure and mechanical behaviour. We suggest that the different structure is determined by the behavioural spinning programmes and spinneret shape. This is a starting point to further investigate the role of thread attachment properties and 'printing' patterns for the evolution of aerial webs, as a model of animal architectures. Beyond biology, silk attachment discs may also be interesting models for the development of bioinspired smart glue application techniques and micro three-dimensional printing.
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